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I N T R O D U C T I O N
Cystic fibrosis is caused by mutations in the CFTR, an 
epithelial cell Cl
 channel (Gadsby et al., 2006). A work-
ing model of the CFTR channel pore is emerging from 
a combination of imaging (Rosenberg et al., 2004; Mio 
et  al.,  2008),  functional  (Kidd  et  al.,  2004;  Linsdell, 
2006), and molecular modeling (Mornon et al., 2008; 
Serohijos et al., 2008; Alexander et al., 2009) studies. 
Functionally, the pore is thought to have a relatively 
narrow  region  in  which  selectivity  between  anions  is   
determined (Linsdell, 2006), flanked by intracellular 
and  extracellular  vestibules  that  use  fixed  positive 
charges to attract Cl
 ions to the pore (Smith et al., 
2001; Linsdell, 2005; St. Aubin and Linsdell, 2006; Zhou 
et al., 2008). Functional evidence suggests that the inner 
vestibule of the pore is deeper and wider than the outer 
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vestibule  (Linsdell  and  Hanrahan,  1996a;  Sheppard 
and Robinson, 1997; McCarty, 2000). Of the 12 trans-
membrane (TM) regions that make up the CFTR pro-
tein, current evidence suggests that TM6 plays a dominant 
role in determining functional interactions between   
the narrow pore region and permeating anions (Ge   
et al., 2004). TM1, TM5, and TM6 contribute to the   
inner vestibule (McDonough et al., 1994; Linsdell, 2005; 
St. Aubin and Linsdell, 2006), and TM6 and the extracel-
lular loops between TM1 and TM2 and TM11 and TM12 
contribute to the outer vestibule (Smith et al., 2001; Zhou 
et al., 2007, 2008; Fatehi and Linsdell, 2009).
Within the inner vestibule of the CFTR pore, differ-
ent positively charged amino acid side chains have been 
shown to be involved in interactions with intracellular 
anions:  K95  in  TM1  (Linsdell,  2005),  R303  in  TM5   
(St. Aubin and Linsdell, 2006), and possibly R352 in 
TM6 (St. Aubin and Linsdell, 2006; but see Cui et al., 
2008). Each of these residues has been shown to play an 
electrostatic role in attracting Cl
 ions from the cyto-
plasmic solution into the pore, and this attractive effect 
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Rapid chloride permeation through the cystic fibrosis transmembrane conductance regulator (CFTR) Cl
 channel 
is dependent on the presence of fixed positive charges in the permeation pathway. Here, we use site-directed   
mutagenesis and patch clamp recording to show that the functional role played by one such positive charge (K95) 
in the inner vestibule of the pore can be “transplanted” to a residue in a different transmembrane (TM) region 
(S1141). Thus, the mutant channel K95S/S1141K showed Cl
 conductance and open-channel blocker interac-
tions similar to those of wild-type CFTR, thereby “rescuing” the effects of the charge-neutralizing K95S mutation. 
Furthermore, the function of K95C/S1141C, but not K95C or S1141C, was inhibited by the oxidizing agent 
copper(II)-o-phenanthroline, and this inhibition was reversed by the reducing agent dithiothreitol, suggesting   
disulfide bond formation between these two introduced cysteine side chains. These results suggest that the amino 
acid side chains of K95 (in TM1) and S1141 (in TM12) are functionally interchangeable and located closely to-
gether in the inner vestibule of the pore. This allowed us to investigate the functional effects of increasing the 
number of fixed positive charges in this vestibule from one (in wild type) to two (in the S1141K mutant). The 
S1141K mutant had similar Cl
 conductance as wild type, but increased susceptibility to channel block by cytoplas-
mic anions including adenosine triphosphate, pyrophosphate, 5-nitro-2-(3-phenylpropylamino)benzoic acid, and 
Pt(NO2)4
2 in inside-out membrane patches. Furthermore, in cell-attached patch recordings, apparent voltage-
  dependent channel block by cytosolic anions was strengthened by the S1141K mutation. Thus, the Cl
 channel 
function of CFTR is maximal with a single fixed positive charge in this part of the inner vestibule of the pore, and 
increasing the number of such charges to two causes a net decrease in overall Cl
 transport through a combination 
of failure to increase Cl
 conductance and increased susceptibility to channel block by cytosolic substances.
© 2010 Zhou et al.  This article is distributed under the terms of an Attribution–Noncom-
mercial–Share Alike–No Mirror Sites license for the first six months after the publication 
date (see http://www.rupress.org/terms). After six months it is available under a Creative 
Commons License (Attribution–Noncommercial–Share Alike 3.0 Unported license, as   
described at http://creativecommons.org/licenses/by-nc-sa/3.0/).
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mutagenesis (“cys-less” CFTR; prepared as described in Mense   
et al., 2006, and Li et al., 2009). Cys-less CFTR cDNA was provided 
by D. Gadsby (The Rockefeller University, New York, NY). Cys-less 
CFTR also included a mutation in the first nucleotide-binding   
domain (V510A) to increase protein expression in the cell mem-
brane (Li et al., 2009). In both cases, DNA was transfected using 
Lipofectamine and Plus reagent (Life Technologies) as described 
in detail previously (Gong and Linsdell, 2003). Transiently trans-
fected cells were maintained at 37°C (wild-type background) or 
27°C (cys-less background) for 1–4 d before patch clamp experi-
mentation, at which time they were identified by fluorescence   
microscopy. Mutations were introduced using the QuikChange 
site-directed mutagenesis system (Agilent Technologies) and veri-
fied by DNA sequencing.
In most cases, macroscopic and single-channel patch clamp   
recordings were made using the excised inside-out configuration 
of the patch clamp technique. In some cases (see Fig. 7 and Fig. S4), 
macroscopic currents were recorded from cell-attached patches 
on unstimulated cells expressing spontaneously active E1371Q-
CFTR channels. For inside-out patch recording, CFTR channels 
were usually activated after patch excision and recording of back-
ground currents by exposure to 5–30 nM of PKA catalytic subunit 
plus MgATP (1 mM unless stated otherwise) in the cytoplasmic 
solution.  Unless  stated  otherwise,  macroscopic  currents  were   
recorded after treatment with 2 mM of sodium pyrophosphate   
(PPi)  to  maximize  channel  activity  and  ensure  concurrence   
between macroscopic and unitary open-channel I-V relationships 
(Linsdell and Gong, 2002; Gong and Linsdell, 2003; Fatehi et al., 
2007). To ensure maximal stimulation by PPi, this substance was 
added after the PKA- and ATP-activated current had reached a 
steady  amplitude  (for  example,  see  Fig.  5).  Because  channels 
bearing  the  E1371Q  mutation  appeared  to  be  spontaneously   
active even in the absence of ATP (see Fig. S4), inside-out patch 
recordings of this construct were made in the absence of PKA or 
ATP unless stated otherwise. Background current levels in these 
E1371Q mutants were determined at the end of the experiment 
by adding a high concentration (10 µM) of the specific CFTR in-
hibitor CFTRinh-172 (Ma et al., 2002) to the cytoplasmic solution 
in excised inside-out membrane patches.
During inside-out patch recordings, intracellular (bath) solutions 
contained (in mM): 150 NaCl, 10 N-tris[hydroxymethyl]methyl- 
2-aminoethanesulfonate (TES), and 2 MgCl2. In a small num-
ber  of  experiments,  TES  was  replaced  by  10  mM  Tris.  The 
extracellular (pipette) solution for both inside-out and cell-attached 
patches had either the same composition as the bath solution 
(high chloride solution) or 150 mM Na gluconate substituted for 
NaCl (low chloride solution). Intracellular channel blockers were 
added to the bath solution from stock solutions made up in nor-
mal bath solution, as described previously (Linsdell, 2005). The 
oxidizing agent copper(II)-o-phenanthroline (CuPhe) was pre-
pared freshly before each experiment by mixing CuSO4 (200 mM 
in distilled water) with 1,10 phenanthroline (200 mM in ethanol) 
in a 1:4 molar ratio, giving final added concentrations of 100 µM 
Cu
2+ and 400 µM phenanthroline. Methanethiosulfonate (MTS) 
reagents (2-sulfonatoethyl) MTS (MTSES) and [2-(trimethyl-
ammonium)ethyl] MTS (MTSET) were initially prepared as 160-mM 
stock  solutions  and  stored  frozen  at  20°C  as  small-volume   
aliquots until the time of use, when they were diluted in bath   
solution and used immediately. All solutions were adjusted to 
pH 7.4 using NaOH. All chemicals were obtained from Sigma-
  Aldrich, except PKA (Promega) and MTSES and MTSET (Toronto 
Research Chemicals).
Current traces were filtered at 50–100 Hz using an eight-pole 
Bessel filter, digitized at 250 Hz to 1 kHz, and analyzed using 
pCLAMP9 software (MDS Analytical Technologies). Single-channel 
current amplitudes were estimated from measurements of the 
mean amplitudes of at least 20 individual open-closed transitions   
has been found to be important in maximizing the   
overall rate of Cl
 permeation (Linsdell, 2005; St. Aubin 
and Linsdell, 2006). The positive charges associated 
with K95 and R303 also attract larger cytoplasmic an-
ions to the pore, where they may act as open-channel 
blockers and interfere with Cl
 permeation (Linsdell, 
2005; St. Aubin et al., 2007; Li and Sheppard, 2009).   
Effects  of  mutagenesis  on  interactions  with  different 
blockers  provide  some  evidence  that  K95  and  R303   
may be located at different depths into the pore from 
their  cytoplasmic  end.  Thus,  relatively  small  blocker 
molecules interact with K95 in a voltage- and external 
[Cl
]–dependent manner, whereas R303 interacts with 
larger  blockers  that  produce  voltage-  and  external 
[Cl
]–independent block. This suggests that K95 is   
located more deeply into the pore from its cytoplasmic 
end, with R303 occupying a more superficial location 
(St. Aubin et al., 2007). Mutagenesis of all positively 
charged arginine and lysine residues in the TMs suggest 
that K95, R303, and R352 are the only fixed positive 
charges in the inner vestibule of the pore (St. Aubin 
and Linsdell, 2006). Collectively, these findings suggest 
that K95 plays a unique role in contributing a positive 
charge located relatively deeply within the pore from   
its cytoplasmic end.
Although the positive charge associated with K95   
appears to play a crucial role in interactions with a range 
of small intracellular blockers (Linsdell, 2005), addi-
tional  uncharged  side  chains  within  the  TMs  have   
also been suggested to influence the effects of such 
blockers, including S341 in TM6 and S1141 in TM12 
(McDonough et al., 1994; Zhang et al., 2000). One pos-
sible explanation is that these residues are located close 
to K95 in the inner vestibule, allowing them to modify 
blocker interactions with this critical positive charge. 
Here, we use site-directed mutagenesis and functional 
analysis to explore the ability of fixed positive charges   
at different sites in the inner vestibule of the pore to 
support  high  Cl
  conductance  and  interactions  with 
channel blockers. Our results show that the functional 
role played by the positive charge at K95 can be “trans-
planted” to TM12 by concurrent mutagenesis of K95 
and S1141. We further suggest that one positive charge 
in this region of the inner vestibule of the pore is   
sufficient to maximize Cl
 conductance, and that the 
addition of a second charge is in fact detrimental to 
channel function, as it promotes open-channel block by 
cytoplasmic anions.
M AT E R I A L S   A N D   M E T H O D S
Experiments  were  performed  on  baby  hamster  kidney  (BHK) 
cells transiently transfected with different forms of human CFTR 
in the pIRES2-EGFP vector (Takara Bio Inc.), allowing coexpres-
sion of CFTR and green fluorescent protein. The CFTR back-
grounds  used  were  wild  type  (prepared  as  described  in  Gong   
et al., 2002a) or one in which all cysteines had been removed by   Zhou et al. 231
Online supplemental material
The  online  supplemental  material  includes  seven  figures.   
Fig. S1 shows the inhibitory effects of TLCS and lonidamine on 
wild type, K95S, K95S/S341K, and K95S/S1141K-CFTR. Fig. S2 
shows  single-channel  recordings  of  K95S/S341K  and  S341K. 
Fig. S3 shows the apparent time- and voltage-dependent inhibi-
tion of S1141K by intracellular ATP in inside-out patches. Fig. S4   
compares the activity of wild type and E1371Q in on-cell and 
inside-out membrane patches. Fig. S5 shows the block of wild type, 
S1141K, and S341K by intracellular NPPB. Fig. S6 shows the block 
of E1371Q and E1371Q/S1141K by intracellular Pt(NO2)4
2 ions. 
Fig. S7 shows the predicted locations of K95, S341, and S1141 in 
two different published homology models of the CFTR pore 
region. Figs. S1–S7 are available at http://www.jgp.org/cgi/ 
content/full/jgp.200910327/DC1.
RESULTS
An important pore-lining positive charge can be “moved” 
from TM1 to TM12
Lysine K95 in TM1 plays a key role in the attraction of 
small intracellular open-channel blockers to the CFTR 
pore (Linsdell, 2005). One example of a blocker that 
interacts with the positive charge at this site is NPPB 
(Linsdell, 2005). As shown in Fig. 1, the addition of 50 
µM NPPB to the intracellular solution caused a potent, 
voltage-dependent inhibition of macroscopic currents 
carried  by  wild-type  CFTR  in  inside-out  membrane 
patches with a low extracellular Cl
 concentration. Con-
sistent with previous findings with other K95 mutants 
(Linsdell, 2005), removal of the positive charge at K95 
in  the  K95S  mutation  is  associated  with  significant   
reduction in the apparent potency of block by NPPB 
(Fig. 1, A and B). Woodhull analysis suggests that the 
apparent Kd (at 0 mV) is increased approximately seven-
fold, from 12.4 ± 1.7 µM (n = 4) in wild type to 90.4 ± 
17.6 µM (n = 4) in K95S (Fig. 1, B and D), without a   
significant change in apparent blocker voltage depen-
dence (apparent valence, z, of 0.20 ± 0.02 [n = 4] in 
wild type and 0.16 ± 0.02 [n = 4] in K95S; P > 0.2).
In a K95S background, the introduction of a positive 
charge in either TM6 (S341K) or TM12 (S1141K) led to 
a significant increase in the apparent potency of NPPB 
block compared with K95S alone (Fig. 1), with mean 
Kd(0) values of 35.8 ± 2.0 µM (n = 4) in K95S/S341K 
and 10.5 ± 1.8 µM (n = 4) in K95S/S1141K (Fig. 1 D), 
again with no significant change in apparent voltage   
dependence of block (z of 0.17 ± 0.02 [n = 4] in K95S/
S341K and 0.22 ± 0.03 [n = 4] in K95S/S1141K). In 
fact, in the K95S/S1141K mutant, the apparent Kd was 
not  significantly  different  than  that  observed  in  wild 
type (P > 0.4; Fig. 1 D), suggesting that the role played 
by the positive charge at position 95 in the interaction 
between NPPB and the pore can be completely recov-
ered by moving this positive charge from TM1 to TM12. 
Similar results were obtained with two other blockers 
that show strong interactions with K95, TLCS, and loni-
damine (Fig. S1).
and, where possible, verified from all-point amplitude histograms 
constructed from periods of channel activity lasting 30–210 s. 
Macroscopic I-V relationships were constructed using depolariz-
ing  voltage  ramp  protocols,  with  a  rate  of  change  of  voltage   
of 100 mV s
1 (Linsdell and Hanrahan, 1996a, 1998), or from 
400-ms duration voltage steps from a holding potential of 0 mV 
(when using high extracellular Cl
 concentrations) or +60 mV 
(for low extracellular Cl
 concentrations). In both cases, back-
ground (leak) currents recorded before the addition of PKA and 
ATP  have  been  subtracted  digitally,  leaving  uncontaminated 
CFTR currents (Linsdell and Hanrahan, 1998; Gong and Linsdell, 
2003). For E1371Q mutant channels, background currents were 
determined after the addition of 10 µM CFTRinh-172 (see above). 
Membrane voltages were corrected for liquid junction potentials 
calculated using pCLAMP9 software. Where on-cell recordings 
are used (Fig. 7), membrane potential is given as applied pipette 
potential  (Vp)  due  to  uncertainty  concerning  the  cell  resting 
membrane potential.
As  in  previous  studies  of  open-channel  blockers  (Linsdell   
and Hanrahan, 1999; Gong et al., 2002b; Zhou et al., 2007), the 
effects of 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB), 
taurolithocholate-3-sulfate (TLCS), lonidamine, and Pt(NO2)4
2 
on  macroscopic  current  amplitude  were  analyzed  using  the   
simplest  version  of  the  Woodhull  (1973)  model  of  voltage-
  dependent block:
  I I K K / / , 0 = ( ) ( ) + [ ] ( ) d d V V     B    (1)
where I is the current amplitude in the presence of blocker, I0  
is the control, unblocked current amplitude, [B] is the blocker 
concentration,  and  Kd(V)  is  the  voltage-dependent  apparent   
dissociation constant, the voltage dependence of which is given by:
  K K z F RT d d V  exp V ( ) = ( ) − 0 ( / ), δ    (2)
where z is the effective valence of the blocking ion (actual   
valence z multiplied by the fraction of the TM electric field appar-
ently experienced during the blocking reaction), and F, R, and   
T have their usual thermodynamic meanings.
The effects of ATP concentration on macroscopic current am-
plitude were estimated using voltage steps lasting 400 ms. Because 
of the effects of ATP on CFTR channel gating, these experiments 
were performed in an E1371Q background. To maintain a con-
stant Mg
2+ concentration, Na2ATP was added to the bath from 
concentrated stock solutions to give the desired total intracellular 
concentration of ATP. Mean current was averaged over the last   
50 ms of the voltage step and compared with current in the   
absence of ATP to calculate the fractional unblocked current. 
This was then used to estimate the Kd for ATP inhibition accord-
ing to the equation:
Fractional unblocked current   1    1    ATP d
nH
= + [ ] ( ) ( ) / / , K  (3) 
where nH is a slope factor of the concentration–inhibition rela-
tionship,  or  Hill  coefficient.  Analysis  of  ATP  concentration-
  dependent effects by this method assumes that ATP is a single 
species. In fact, ATP exists as several different charged species, the 
concentrations of which were calculated using a computer pro-
gram  that  corrects  association  constants  for  temperature  and   
pH (Brooks and Storey, 1992). Major ATP species at each total 
ATP concentration used are given in Table I.
Experiments were performed at room temperature (21–24°C). 
Values  are  presented  as  mean  ±  sem.  Tests  of  significance   
were performed using a Student’s two-tailed t test unless stated 
otherwise.232 Fixed positive charges in the CFTR pore
A and C), which was 8.27 ± 0.06 pS (n = 9) at hyperpolar-
ized voltages and 7.94 ± 0.02 pS (n = 5) at depolarized 
voltages (Fig. 2 E). As with the open-channel blocker 
experiments described above, the introduction of a pos-
itive charge in TM12 led to a significant recovery of 
wild-type pore properties—in this case, a dramatic in-
crease in unitary conductance in the K95S/S1141K 
double mutant compared with K95S alone (Fig. 2). In the 
K95S background, the second site mutation (S1141K) 
The  positive  charge  at  K95  is  also  important  for   
attracting Cl
 ions into the pore, and removal of this 
charge  by  mutagenesis  is  associated  with  a  dramatic   
decrease in unitary Cl
 conductance (Ge et al., 2004). 
This effect is clear in the K95S mutant, where unitary 
Cl
 currents appear close to the resolution for single-
channel recording (Fig. 2 A). Although difficult to re-
solve unequivocally, the conductance of K95S channels 
appears to be <20% of wild-type conductance (Fig. 2, 
TA B L E   I
Major ATP species at each ATP concentration used
Overall [ATP] [Mg2ATP
0] [MgATP
2] [HATP
3] [NaATP
3] [ATP
4]
0.3 0.013 (4.2%) 0.25 (84.8%) 0.002 (0.8%) 0.021 (7.0%) 0.009 (3.0%)
1.0 0.027 (2.7%) 0.81 (81.4%) 0.011 (1.1%) 0.10 (10.2%) 0.044 (4.4%)
3.0 0.014 (0.5%) 1.68 (56.1%) 0.094 (3.1%) 0.84 (28.0%) 0.37 (12.2%)
10.0 0.003 (0.0%) 1.93 (19.3%) 0.56 (5.6%) 5.20 (52.0%) 2.30 (23.0%)
For each overall ATP concentration given (in mM), the concentration (mM) and percentage of total ATP were calculated as described in Materials   
and methods.
Figure 1.  Block by NPPB depends on the presence of a positive charge in the pore. (A) Example leak-subtracted macroscopic I-V rela-
tionships for the different CFTR variants named using a low extracellular Cl
 concentration (4 mM) after maximal channel activation 
with 5–10 nM PKA, 1 mM ATP, and 2 mM PPi. In each case, currents were recorded before (control) and after the addition of 50 µM 
NPPB to the intracellular (bath) solution. (B and C) Mean fractional current remaining after the addition of NPPB as a function of 
voltage. , wild type (B); , K95S (B and C); , K95S/S341K (C); , K95S/S1141K (C). Each set of data has been fit by Eq. 1, giving 
for wild-type: Kd(0) = 12.3 ± 0.1 µM and z = 0.20 ± 0.01; for K95S: Kd(0) = 83.9 ± 0.6 µM and z = 0.16 ± 0.00; for K95S/S341K: Kd(0)   
= 33.7 ± 0.7 µM and z = 0.15 ± 0.01; and for K95S/S1141K: Kd(0) = 10.3 ± 0.1 µM and z = 0.22 ± 0.01. (D) Mean Kd(0) values   
obtained from similar analysis of data from individual patches. Asterisks indicate a significant difference from K95S, and daggers indicate   
a significant difference from wild type (P < 0.05 in both cases). Mean of data from four patches in B–D.  Zhou et al. 233
wild type (Fig. 2 E). Interestingly, the S1141K mutation 
alone led to a small but significant reduction in unitary 
conductance compared with wild type, to 8.02 ± 0.08 pS 
restored conductance at hyperpolarized voltages to 
6.28 ± 0.06 pS (n = 9), 75% of wild-type values, and at 
depolarized voltages to 5.37 ± 0.04 pS (n = 10), 67% of 
Figure  2.  Single-channel conductance is restored by moving a positive charge from TM1 to TM12. (A) Example single-channel   
currents carried by the different CFTR variants named, using symmetrical high (154-mM) Cl
 concentrations, at membrane potentials 
of +50 mV (top) and 50 mV (bottom). Channel activity was maintained by the addition of 15–30 nM PKA and 1 mM ATP to the bath. 
The line to the left represents the closed-channel current level. (B) All-points amplitude histograms prepared from extended periods 
of the recordings shown in A. Each has been fitted by the sum of two Gaussian functions with mean amplitudes of 0 pA and at +50 mV: 
0.397 pA (wild type), 0.046 pA (K95S), 0.266 pA (K95S/S1141K), and 0.331 pA (S1141K); at 50 mV: 0.401 pA (wild type), 0.058 pA 
(K95S), 0.349 pA (K95S/S1141K), and 0.437 pA (S1141K). After fitting, the width of the bins has been increased from 0.005–0.01 to 
0.02 pA for display purposes. (C and D) Mean single-channel I-V relationships for wild-type (C, ), K95S (C and D, ), K95S/S1141K 
(D, ), and S1141K (D, ). (E) Mean unitary slope conductance measured from individual patches for inward currents (hyperpolar-
ized voltages) and outward currents (depolarized voltages). Asterisks indicate a significant difference from K95S (P < 10
10). Daggers 
indicate a significant difference from wild type (P < 10
10 for both K95S and K95S/S1141K; P < 0.05 for S1141K). Mean of data from 
4–10 patches in C–E.234 Fixed positive charges in the CFTR pore
Physical proximity of K95 and S1141
The results described above suggest that the important 
positive charge at K95 in TM1 can be transplanted to 
residue 1141 in TM12, and that these two residues are 
functionally  interchangeable.  One  possible  explana-
tion for this interchangeability might be that the pore-
lining side chains of these two residues may be located 
physically close together within the inner vestibule. 
We tested this hypothesis by attempting to chemically 
cross-link cysteine residues substituted for these two 
(n = 4) at hyperpolarized voltages and to 7.72 ± 0.08 pS 
(n = 5) at depolarized voltages (Fig. 2 E).
In contrast to these results with S1141, S341 mutants 
were not able to support high Cl
 conductance (Fig. S2). 
Thus, the S341K mutant was associated with very small 
unitary currents that were difficult to resolve unequivo-
cally when introduced into either a wild-type or a K95S 
background (Fig. S2). Although difficult to quantify 
accurately, these unitary currents had apparent ampli-
tudes <20% of wild type.
Figure 3.  Cross-linking of cysteines substituted for K95 and S1141. (A) Example leak-subtracted macroscopic I-V relationships for the 
different CFTR variants named, using symmetrical high (154-mM) Cl
 concentrations, after maximal channel activation with 5–10 nM 
PKA, 1 mM ATP, and 2 mM PPi. Currents were recorded before (control) and after the addition of CuPhe to the intracellular (bath) 
solution. (B) Mean fractional current remaining after the addition of CuPhe as a function of voltage in wild type (), K95C (), S1141C 
(), and K95C/S1141C (). Data values for K95C/S1141C were significantly different from wild type, K95C, or S1141C (P < 0.05 in 
each case) at all voltages examined. (C) Mean fractional current remaining after the addition of CuPhe at +80 mV for different channel 
variants as indicated, and for K95C/S1141C after washing with normal bath solution (wash) or with bath solution supplemented with   
5 mM DTT (wash + DTT). Mean of data from three to nine patches in B and C. (D) Example leak-subtracted macroscopic I-V relationships 
for cys-less K95C/S1141C-CFTR recorded under the same conditions as in A. Both panels are from the same inside-out membrane patch 
before (control) and after the addition of 400 µM CuPhe to the intracellular (bath) solution (left), and after the removal of CuPhe 
and reapplication of ATP, PKA, and PPi (wash) and subsequent application of 5 mM DTT (right, +DTT). Representative example 
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currents were also potently inhibited by the addition 
of  100  µM  Cu
2+  alone  to  the  bath;  however,  these   
effects were fully reversed simply by washing the Cu
2+ 
ions from the bath (not depicted). In an interesting 
contrast to these effects, K95C/S1141C currents were 
not significantly affected by the addition of 300 µM 
Cd
2+ ions (not depicted).
The use of cys-less CFTR also allowed us to confirm 
that the side chains of K95, S341, and S1141 are ex-
posed within the inner vestibule of the CFTR channel 
pore using cysteine-reactive reagents. This was not pos-
sible previously because commonly used cysteine-reactive 
reagents, MTSES and MTSET, potently inhibit the ac-
tivity of wild-type CFTR when applied to the cytoplas-
mic face of the membrane (St. Aubin and Linsdell, 
2006). However, we have recently shown that cys-less 
CFTR is not subject to irreversible modification by these 
reagents, although high concentrations of MTSES ap-
parently lead to reversible inhibition by open-channel 
block (Li et al., 2009). As shown in Fig. 4, the applica-
tion of 200 µM of negatively charged MTSES or 2 mM 
of positively charged MTSET to the intracellular solu-
tion had no effect on macroscopic current amplitude in 
cys-less CFTR. In contrast, each of the mutants, K95C, 
S341C, and S1141C (all in a cys-less background), was 
strongly sensitive to both MTSES and MTSET. In each 
case, currents were strongly inhibited by MTSES, consis-
tent with an inhibitory effect of depositing a large, neg-
atively charged reagent in the permeation pathway. In 
contrast, MTSET inhibited currents carried by cys-less 
S341C  and  cys-less  S1141C,  but  potentiated  currents 
carried by cys-less K95C. In S341C and S1141C, modifi-
cation by the bulky MTSET molecule may partly oc-
clude the pore, reducing Cl
 current. In contrast, in 
K95C, deposition of positive charge by reaction with 
MTSET may replace the function of the positive charge 
at this site that is lost as a consequence of the K95C mu-
tation. Consistent with this idea, MTSET modification 
converts the cys-less K95C I-V relationship from out-
wardly  rectified  (before  modification)  to  linear  or 
mildly inwardly rectified after modification (Fig. 4 B). 
Thus, the functional effects of MTSET were significantly 
greater at hyperpolarized than at depolarized voltages 
(Fig. 4 C), and the shape of the I-V relationship was 
quantitatively  different  after  modification,  with  the   
current amplitude at 80 mV relative to that at +80 mV 
being increased from 0.33 ± 0.04 (n = 10) before modi-
fication to 1.33 ± 0.10 (n = 10) after MTSET treatment 
(P < 0.001, paired t test). In all cases, the effects of MTS 
reagents were not reversed by washing these reagents 
from the bath, but could be reversed by the application 
of 2–5 mM DTT. The strong reactivity of cys-less K95C, 
S341C, and S1141C to intracellular MTSES and MTSET 
is consistent with the cysteine side chains introduced at 
these positions being exposed within the aqueous inner 
vestibule of the pore.
residues. The K95C/S1141C double mutant generated 
small macroscopic currents that showed outward recti-
fication under symmetrical Cl
 concentration condi-
tions  (Fig.  3),  as  observed  with  all  mutations  that 
remove the charge at K95 (Linsdell, 2005), including 
K95C  (Fig.  3).  K95C/S1141C  currents  in  inside-out 
patches were insensitive to the application of 5 mM of 
the reducing agent dithiothreitol (DTT; not depicted), 
suggesting that spontaneous disulfide bond formation 
between the two cysteine side chains is either negligi-
ble or without functional consequence. However, the 
oxidizing reagent CuPhe, which has been used to in-
duce  disulfide  bond  formation  between  introduced 
cysteines in other parts of the CFTR protein (Mense   
et al., 2006; Loo et al., 2008; Serohijos et al., 2008), led 
to a strong reduction in current amplitude in K95C/
S1141C (Fig. 3, A–C), suggesting a functional modifi-
cation of the protein. This inhibition was apparently 
stronger  at  depolarized  than  at  hyperpolarized  po-
tentials (Fig. 3 B), with the result that current rectifi-
cation  was  greatly  reduced  after  CuPhe  treatment. 
Interestingly, neither wild-type CFTR currents nor the 
single mutants K95C or S1141C appeared sensitive to 
CuPhe under these conditions (Fig. 3, A–C), consis-
tent with this agent acting by causing cross-linking of 
the two cysteine side chains introduced at these posi-
tions. Inhibition of K95C/S1141C by CuPhe was only 
partially reversed by washing; however, the degree of 
reversibility was significantly enhanced by the inclu-
sion of 5 mM DTT in the wash solution (Fig. 3 C), con-
sistent with CuPhe inhibition reflecting some oxidative 
process. Overall, washing restored 26.7 ± 3.5% of Cu-
Phe-sensitive current at +80 mV (n = 3), whereas wash-
ing plus DTT restored 85.5 ± 3.5% of CuPhe-sensitive 
current at this voltage (n = 4; P < 0.01 vs. wash alone). 
A K95C/S341C double mutant did not yield functional 
currents in inside-out patches either without or after 
treatment with 5 mM DTT.
Although these results suggest that K95C can be 
cross-linked  to  S1141C,  they  are  potentially  con-
founded by the presence of endogenous cysteine side 
chains in the CFTR protein. We therefore introduced 
these two mutations into a functional cys-less version 
of CFTR (Mense et al., 2006; Li et al., 2009; see Mate-
rials  and  methods).  As  shown  in  Fig.  3  D,  cys-less 
K95C/S1141C also generated small, outwardly recti-
fied  currents  in  inside-out  membrane  patches  that 
showed the same apparent sensitivity to CuPhe as that 
described above for these mutations in a wild-type 
background.  On  average,  the  application  of  CuPhe   
reduced current amplitude in cys-less K95C/S1141C 
by 84.7 ± 5.2% at +80 mV (n = 5). Washing CuPhe from 
the bath restored only 6.7 ± 3.7% of CuPhe-sensitive 
current at this voltage (n = 5), whereas subsequent 
exposure to 5 mM DTT restored 76.8 + 3.5% of Cu-
Phe-sensitive current (n = 5). K95C/S1141C channel 236 Fixed positive charges in the CFTR pore
investigated the S1141K mutant at the macroscopic cur-
rent  level  using  depolarizing  voltage  ramp  protocols 
like those used in Fig. 1, it became apparent that chan-
nel function had been altered in a way we had not antic-
ipated from our initial single-channel experiments (see 
Fig. 2). With a low extracellular Cl
 concentration, macro-
scopic currents in S1141K showed outward rectifica-
tion leading to a flattening of the I-V relationship at 
hyperpolarized voltages (Fig. 5, A and B). Furthermore, 
when 2 mM PPi was applied to maximize channel activity, 
Adding an extra positive charge to the inner vestibule  
of the pore results in channel block
The results described above suggest that K95 in TM1 
and S1141 in TM12 are both functionally interchange-
able and physically close together in the inner vestibule 
of the pore. We were therefore interested to know how 
the presence of two adjacent positive charges in this   
region of the inner vestibule—as presumably exist in 
the  S1141K  single  mutant—would  influence  interac-
tions with open-channel blockers. However, when we 
Figure 4.  Modification of cysteines in the inner vestibule of the pore by intracellular MTS reagents. (A and B) Example leak-subtracted 
macroscopic I-V relationships for different CFTR variants (in a cys-less background), using symmetrical high (154-mM) Cl
 concentra-
tions, after maximal channel activation with 5–10 nM PKA, 1 mM ATP, and 2 mM PPi. Currents were recorded before (control) and after 
the addition of 200 µM MTSES (A) or 2 mM MTSET (B) to the intracellular (bath) solution. (C) Mean effect of MTSES (filled bars) or 
MTSET (open bars) on macroscopic current amplitude at 80 mV (left) and +80 mV (right). Asterisks indicate a significant difference 
from cys-less (P < 0.05). Daggers indicate a significant difference from the same treatment at 80 mV (P < 0.05, paired t test). Mean of 
data from 3–10 patches.  Zhou et al. 237
used in the experiments shown in Fig. 5 were very sim-
ple  ones,  containing  only  NaCl,  MgCl2,  TES  buffer, 
MgATP, and PKA (see Materials and methods). Replac-
ing the anionic TES buffer with the cationic pH buffer 
Tris did not alter the unusual shape of the I-V relation-
ship in S1141K (not depicted). In contrast, altering the 
ATP concentration did lead to striking time- and voltage-
dependent changes in current amplitude that suggest 
an inhibitory effect of ATP on S1141K (Fig. S3).
Analysis of the apparent inhibitory effect of ATP is 
complicated by the complex effects of ATP on CFTR 
channel gating (Hwang and Sheppard, 2009; Muallem 
and Vergani, 2009). One way to avoid this complication 
would be to use a CFTR variant in which ATP-dependent 
gating was abolished. Mutation of a key Walker B gluta-
mate residue in the second nucleotide-binding domain, 
E1371, prevents ATP hydrolysis and leads to a dramatic 
rectification became even more pronounced, leading   
to a region of negative slope conductance below 30 mV 
(Fig. 5, A and C). As a result, although PPi stimulated 
macroscopic current amplitude in S1141K at depolar-
ized voltages, it actually inhibited current at the most 
hyperpolarized  voltages  studied  (Fig.  5  D).  None  of 
these effects was observed in wild type or K95S/S1141K, 
two channel variants with a single positive charge in 
this part of the inner vestibule of the pore (Fig. 5), or in 
S341K (not depicted).
Because the S1141K mutant did not strongly affect   
either unitary conductance or the linearity of the I-V   
relationship  under  symmetrical  high  Cl
  conditions 
(Fig. 2), we considered that the unusual I-V shape shown 
in  Fig.  5  might  reflect  voltage-dependent  block  of 
S1141K by some negatively charged substance present 
in our intracellular solutions. However, the solutions 
Figure 5.  Apparent inhibition of S1141K at hyperpolarized voltages. (A) Example leak-subtracted macroscopic I-V relationships for the 
different CFTR variants named using a low extracellular Cl
 concentration (4 mM). In each case, currents were recorded after stimula-
tion with 5–10 nM PKA and 1 mM ATP (ATP), and again after the addition of 2 mM PPi (+PPi). (B and C) Relative shape of the I-V 
relationship in the presence of 1 mM ATP (B) or 1 mM ATP plus 2 mM PPi (C), analyzed by plotting the current at each voltage relative 
to the current amplitude at 0 mV, for wild type (), S1141K (), and K95S/S1141K (). (D) The effect of PPi on macroscopic current 
amplitude. Note that PPi causes a voltage-independent stimulation in wild type () and K95S/S1141K (), whereas in S1141K (), PPi 
causes stimulation at depolarized voltages and inhibition at hyperpolarized voltages. Asterisk indicates the voltage range over which the 
effects of PPi on wild type and S1141K were significantly different (P < 0.05). Mean of data from four to five patches in B–D.238 Fixed positive charges in the CFTR pore
tion  of  10  mM  ATP  caused  a  potent  inhibition  of 
S1141K/E1371Q current during 400-ms hyperpolariz-
ing voltage steps from a holding potential of +60 mV 
(Fig.  6  A).  Time-dependent  inhibition  by  ATP  was   
still apparent; however, use of the E1371Q background 
provides direct evidence that ATP inhibits current flow 
because the amplitude of the current is greatly reduced. 
Concentration-dependent effects of ATP under these 
experimental conditions, quantified from the amplitudes 
of macroscopic currents measured over the last 50 ms of 
the 400-ms voltage step, are shown in Fig. 6 B. The fitting 
of these results by Eq. 3 suggests a Kd of 1.92 mM at 
100 mV. In contrast to the strong inhibition of S1141K/
E1371Q current by ATP under these conditions, 10 mM 
prolongation of CFTR channel open times (Vergani 
et al., 2003; Gadsby et al., 2006; Stratford et al., 2007). 
To our surprise, we found that the E1371Q mutant was 
constitutively  active  in  on-cell  recordings  from  intact 
BHK cells, and that even after excision into nominally 
ATP-free solutions, channel activity remained maximal 
(Fig.  S4).  Although  the  reasons  for  this  constitutive   
activity, which contrasts with a complete lack of sponta-
neous  activity  we  observe  for  other  CFTR  constructs   
expressed in BHK cells, are unknown, it did allow us to 
quantify ATP effects on S1141K current amplitude in an 
E1371Q background in inside-out membrane patches, 
beginning with 0 ATP control conditions (Fig. 6). With 
a low extracellular Cl
 concentration (4 mM), the addi-
Figure 6.  Inhibition of S1141K/E1371Q-CFTR by intracellular ATP. (A) Example macroscopic currents carried by S1141K/E1371Q 
during hyperpolarizing voltage steps to between +60 and 100 mV recorded under conditions of low extracellular Cl
 concentration 
(4 mM). Currents were recorded before (control) and immediately after the addition of 10 mM Na2ATP to the intracellular solution in 
the absence of PKA and PPi. (B) Mean fractional current remaining after the addition of different concentrations of ATP under these 
conditions, measured at membrane potentials of 100 mV () and 0 mV (). Fits are to Eq. 3, giving Kd = 1.92 ± 0.08 mM and nH = 1.11 ± 
0.05 at 100 mV, and Kd = 41.9 ± 19.1 mM and nH = 0.91 ± 0.23 at 0 mV. Also shown are the effects of 10 mM ATP on E1371Q () and 
K95S/S1141K/E1371Q () at 100 mV. (C) Example macroscopic S1141K/E1371Q currents during voltage steps to between +60 and 
100 mV recorded with a high extracellular Cl
 concentration (154 mM) before (control) and after the addition of 10 mM Na2ATP to 
the intracellular solution in the absence of PKA. (D) Mean fractional current remaining after the addition of different concentrations of 
ATP under these conditions, measured at a membrane potential of 100 mV. The data are fit to Eq. 3, giving Kd = 36.3 ± 18.2 mM when 
nH was constrained to unity. (E) Voltage dependence of Kd estimated from fits such as those shown in B and D, with 4 mM Cl
 () and 
154 mM Cl
 () in the extracellular solution. Data at 4 mM Cl
 have been fit by Eq. 2, suggesting a z of 1.17 ± 0.11. In both A and C, 
the dotted line represents the 0 current level. Mean of data from three to six patches in B and D.  Zhou et al. 239
et  al.,  1991;  Haws  et  al.,  1992;  Fischer  and  Machen, 
1996; Linsdell and Hanrahan, 1996b; Zhou et al., 2001). 
We took advantage of constitutive activity of E1371Q in 
BHK  cells  (see  above)  to  monitor  channel  block  in   
intact cells. CFTR activity was monitored using a voltage 
step protocol, both during on-cell recording and after 
patch excision into the inside-out configuration in the 
absence  of  ATP  and  PKA  (Fig.  7).  The  extracellular   
(pipette) solution contained either 154 or 4 mM Cl
. In 
all cases, the identity of CFTR currents was confirmed 
by the addition of 10 µM CFTRinh-172 to the intracellu-
lar solution at the end of the experiment (see Materials 
and methods).
With high Cl
 concentration pipette solution, E1371Q 
showed  outward  rectification  of  the  macroscopic  I-V   
relationship during cell-attached recording (Fig. 7, A and 
B). This rectification was removed when the membrane 
patch was excised into the inside-out configuration   
(Fig. 7, A and B), presumably due to relief of voltage-
dependent channel block caused by cytoplasmic anions. 
Outward  rectification  in  cell-attached  patches  under 
these conditions was even more pronounced in S1141K/
E1371Q,  and  again  this  rectification  was  relieved  by   
excision of the membrane patch, resulting in a linear   
I-V  relationship  in  inside-out  patches.  Using  pipette   
solutions containing a low Cl
 concentration (Fig. 7, A 
and B), current amplitudes were small during cell-
  attached recording and increased dramatically on exci-
sion to the inside-out configuration, again consistent 
with  currents  being  inhibited  by  cytoplasmic  factors 
during cell-attached recordings.
The apparent inhibition of current in cell-attached 
patches, attributed to block by cytosolic constituents, 
was quantified from the ratio of macroscopic current 
amplitudes before and after patch excision (Fig. 7,   
C and D). Such analysis revealed that current inhibition 
in  cell-attached  patches  was  significantly  stronger  in 
S1141K/E1371Q  than  in  E1371Q  at  hyperpolarized 
voltages, both at high extracellular Cl
 concentrations 
(Fig. 7 C) and at low Cl
 concentrations (Fig. 7 D). We 
interpret this difference as being the result of increased 
susceptibility to voltage-dependent block by cytoplasmic 
anions caused by the introduction of a second positive 
charge in this region of the inner vestibule of the pore.
D I S C U S S I O N
An important positive charge can be moved around  
the inner vestibule
The positive charge at K95 in TM1 plays a crucial role in 
Cl
 permeation through the CFTR pore, most likely 
due to the electrostatic attraction of cytoplasmic anions 
into the pore (Linsdell, 2005). However, the effects of 
complementary mutations at K95 and at S1141 in TM12 
suggest that the important functional role of this positive 
ATP had no effect on E1371Q and only a very small   
inhibitory effect on K95S/S1141K/E1371Q (Fig. 6 B).
Interestingly,  the  inhibition  of  S1141K/E1371Q  by   
intracellular ATP was very much weaker when using a 
high extracellular Cl
 concentration (154 mM; Fig. 6 C) 
during  voltage  steps  of  the  same  duration.  Slow,   
time-dependent inhibition is apparent only at the most 
negative voltages studied under these conditions. The 
concentration  dependence  of  block  at  100  mV  is 
shown in Fig. 6 D, and fitting by Eq. 3 suggests a Kd of 
36.3 mM, although because this is much greater than 
the highest concentration of ATP actually used, it is   
unlikely to be a reliable value.
Voltage  dependence  of  ATP  block  studied  in  this   
way is shown in Fig. 6 E. With low extracellular Cl
, Kd  
increased rapidly with depolarization. Fitting these data 
with Eq. 2 suggests a z of 1.17, although the meaning 
of  this  value  is  complicated  by  uncertainty  as  to  the   
valence of ATP species actually blocking the channel 
(see Discussion). Because block under high extracellu-
lar Cl
 conditions could only be quantified at the most 
hyperpolarized voltages studied, voltage dependence of 
block under these conditions could not be examined.
The apparent voltage-dependent block of S1141K by 
ATP, and likely also by PPi (Fig. 5), complicated studies 
of  the  interaction  of  this  mutant  with  open-channel 
blockers like those studied in Fig. 1 and Fig. S1. Never-
theless, we were able to study NPPB block of S1141K 
under conditions where ATP block was weak (by using 
symmetrical Cl
 conditions) and in the absence of PPi. 
Under these conditions, a low concentration of NPPB 
(10 µM) had significantly more potent blocking effects 
on S1141K than on wild type (Fig. S5).
The novel apparent inhibitory effects of ATP and PPi 
seen in S1141K but not in wild type suggest that this 
mutant  might  be  particularly  susceptible  to  block  by 
polyvalent  anions.  Few  small  polyvalent  anions  have 
been  described  as  open-channel  blockers  in  CFTR; 
however, one such ion is the divalent Pt(NO2)4
2 (Gong 
and Linsdell, 2003; Zhou et al., 2007). Under ATP-free 
conditions, block by intracellular Pt(NO2)4
2 was dra-
matically  more  potent  in  E1371Q/S1141K  compared 
with  E1371Q  alone,  leading  to  a  38-fold  decrease  in 
mean Kd(0) (Fig. S6). This result is consistent with the 
S1141K mutation preferentially increasing the strength 
of interactions between polyvalent anions and the pore.
Adding an extra positive charge to the inner vestibule  
of the pore decreases channel current in intact cells
Because S1141K shows increased sensitivity to inhibition 
by intracellular anions such as ATP (Fig. 6), PPi (Fig. 5), 
NPPB (Fig. S5), and Pt(NO2)4
2 (Fig. S6), we wondered 
if this sensitivity would result in inhibition of channel 
currents  in  intact  cells.  CFTR  channel  currents  are 
known  to  be  subject  to  voltage-dependent  inhibition   
by unknown anions present in the cytosol (Tabcharani   240 Fixed positive charges in the CFTR pore
Figure 7.  Enhanced voltage-dependent inhibition in cell-attached patches in S1141K-CFTR. (A) Example macroscopic currents   
carried by E1371Q and S1141K/E1371Q-CFTR in cell-attached patches (left panels) after excision into the inside-out patch configura-
tion (middle panels) and after the addition of 10 µM CFTRinh-172 to the intracellular solution (right panels). Currents were recorded 
with either a high (154-mM) or low (4-mM) Cl
 concentration in the extracellular solution as noted. No PKA, ATP, or PPi was added 
to the bath solution during these experiments. With 154 mM Cl
 outside, currents were recorded during voltage steps from a holding 
potential of 0 mV to between 100 and +100 mV, whereas with 4 mM Cl
, voltage steps were from a holding potential of +60 mV to 
between 100 and +60 mV. In each case, the 0 current level is indicated by a dotted line. (B) Corresponding I-V relationships during 
cell-attached () and inside-out patch recording () after the subtraction of leak currents recorded after the addition of CFTRinh-172. 
(C and D) Quantification of the voltage-dependent inhibition of currents during cell-attached recording by plotting the macroscopic   Zhou et al. 241
a somewhat detrimental “side effect” of this charge in 
the permeation pathway.
CFTR  open-channel  blockers  have  previously  been 
suggested to interact with residues in TM1 (Linsdell, 
2005),  TM6  (McDonough  et  al.,  1994;  Zhang  et  al., 
2000; Gupta and Linsdell, 2002), and TM12 (McDonough 
et  al.,  1994;  Zhang  et  al.,  2000;  Gupta  and  Linsdell, 
2002). The ability of a positive charge located in TM1 
(K95),  TM6  (S341K),  or  TM12  (S1141K)  to  support 
blocker interactions is consistent with each of these TMs 
influencing the movement of blocking anions in the 
pore. Because these compounds are thought to act by 
occluding the channel pore to prevent Cl
 permeation, 
we assume that the effect of mutations is to alter the 
access of blockers to their binding site (changing blocker 
on-rate)  or  the  stability  of  blocker  interactions  with 
their binding site (changing blocker off-rate), or both. 
A change in blocker on-rate could reflect an electro-
static effect of the positive charge on entry of negatively 
charged blockers into the inner vestibule of the pore. 
On the other hand, a change in blocker off-rate could 
result from a positive charge being an integral part of 
the blocker-binding site.
Our  experiments  with  intracellular  application  of 
MTS  reagents  (Fig.  4)  suggest  that  TM1,  TM6,  and 
TM12 are all exposed within the inner vestibule of the 
pore, where they could, in theory, interact directly with 
open-channel  blockers.  This  overall  arrangement  of 
TMs  is  consistent  with  extant  atomic  models  of  the 
CFTR pore that are based on homology modeling of 
the  bacterial  ATP-binding  cassette  protein  Sav1866 
(Mornon et al., 2008; Serohijos et al., 2008) (Fig. S7). 
However,  direct  experimental  evidence  concerning   
the three-dimensional architecture of the pore is only 
now beginning to emerge (Alexander et al., 2009). Our 
cross-linking experiments showing the proximity of K95 
in TM1 and S1141 in TM12 therefore represent impor-
tant new information in judging the accuracy of these 
structural models (Fig. S7). Interestingly, the homology 
model presented by Mornon et al. (2008) provides a 
possible structural explanation of our results concern-
ing the roles of K95, S341, and S1141. In this model 
(Fig. S7, A and B), K95 and S1141 are close together 
(closest atomic distance, 9.6 Å) in the inner vestibule of 
the pore, where they could play interchangeable roles 
in  interacting  within  intracellular  Cl
  and  blocking 
ions. In contrast, this model shows S341 located more 
deeply into the pore from its cytoplasmic mouth, consis-
tent with mutations here (potentially close to the narrow 
charge can be retained even after it has been moved to 
another  TM.  The  similarity  of  wild  type  and  K95S/
S1141K in terms of single-channel conductance (Fig. 2) 
and interactions with open-channel blockers (Fig. 1 and 
Fig. S1) suggests that these two residues are almost com-
pletely  interchangeable  in  functional  terms.  Further-
more, we suggest that irreversible inhibition of channel 
function in the K95C/S1141C double mutant by the   
oxidizing  agent  CuPhe  (Fig.  3)  most  likely  reflects   
formation of a disulfide bridge between these two pore-
lining cysteine side chains (Fig. 4). The inhibition of 
channel function by CuPhe may reflect a decrease in 
unitary conductance or open probability in cross-linked 
channels, although because the inhibitory effect of   
CuPhe  appears  voltage  dependent  (Fig.  3),  we  favor   
the former explanation. Regardless of their exact func-
tional consequence, for such disulfide bonds to form, it 
is generally believed the  carbon distance must be in 
the range of 5–8 Å (Careaga and Falke, 1992). Thus, 
we  suggest  that  TM1  and  TM12  are  located  close   
together in the inner vestibule of the pore, such that 
the K95S/S1141K double mutant involves transplanta-
tion of fixed positive charge over a short distance. The 
apparent  functional  interchangeability  of  K95  and 
S1141 suggested by our results implies that it is the pres-
ence of a positive charge in this region of the inner ves-
tibule of the pore—rather than its exact location within 
TM1—that is necessary for the normal functional prop-
erties of the CFTR pore.
It has previously been suggested that S1141 may play 
a similar role as S341 in TM6 (McDonough et al., 1994). 
However, it did not appear that the positive charge of 
K95 could be transplanted to S341 without large changes 
in  channel  functional  properties.  Thus,  both  S341K   
and K95S/S341K were associated with very low single-
channel conductance (Fig. S2). This is consistent with 
previous work, for example with S341A (McDonough   
et al., 1994), showing that mutations at this position are 
associated with dramatic loss of Cl
 conductance. How-
ever, a positive charge at position 341 could support   
interactions  with  open-channel  blockers  (Fig.  1  and   
Fig.  S1).  This  might  indicate  that  interactions  with 
blockers are less sensitive to the precise location of a 
positive charge in the inner vestibule than is normal Cl
 
conductance. This would not be surprising in evolution-
ary terms because maximization of Cl
 conductance is 
the  physiologically  meaningful  role  of  the  positive 
charge associated with K95 in this part of the inner ves-
tibule of the pore, with interaction with channel blockers 
current amplitude in cell-attached patches as a fraction of current in the same patch after excision into the inside-out patch configura-
tion for both E1371Q () and S1141K/E1371Q (), with 154 mM Cl
 (C) or 4 mM Cl
 (D) in the extracellular solution. Mean of data 
from four to six patches. Asterisk indicates the voltage range over which there was a significant difference between these two channel 
variants (P < 0.05).
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sensitivity to block by intracellular anions. This first be-
came apparent to us as a novel sensitivity to block by 
intracellular ATP molecules (Fig. 6), although it appears 
that S1141K also increases sensitivity to PPi (Fig. 5), 
NPPB (Fig. S5), and Pt(NO2)4
2 (Fig. S6). Block by in-
tracellular ATP appears as a voltage- and extracellular 
[Cl
]–dependent  phenomenon  (Fig.  6),  suggesting 
that  negatively  charged  ATP  molecules  are  attracted 
into the pore of S1141K-CFTR by the increased number 
of fixed positive charges in the inner vestibule of this 
mutant.  We  note  that  this  pore-blocking  inhibitory   
effect is mechanistically distinct from any “allosteric”   
inhibitory action that may be exhibited by substances 
that interact with the nucleotide-binding domains in 
CFTR (see Li and Sheppard, 2009).
Another complication relating to ATP block is that we 
made no attempt to separate the effects of different 
charged species of ATP. Under our experimental condi-
tions, MgATP
2 is expected to be the dominant species 
at  low  total  ATP  concentrations; however,  its  relative 
contribution to total ATP decreases at higher concen-
trations with concomitant increases in the relative con-
tribution of NaATP
3 and ATP
4 (as described in Table I). 
Although our analyses have treated ATP as a single spe-
cies, it is likely that different charged species will have 
different blocking affinities and voltage dependencies. 
Nevertheless, we believe that the ability of physiologi-
cally relevant ATP molecules to enter into and block the 
channel pore (and their apparent lack of effect in wild 
type) is of interest, in particular given previous contro-
versies relating to the ability of ATP to be transported by 
CFTR (for review see Schwiebert, 1999).
Given  our  uncertainty  concerning  which  species   
of ATP are responsible for block of S1141K, it is difficult 
to draw conclusions on the relative effect of an addi-
tional fixed positive charge at this position on inter-
actions  with  monovalent  versus  polyvalent  anions.  It 
seems likely that block by both ATP and PPi represents 
an inhibitory effect of polyvalent anions that is too weak   
to be noticeable in wild-type channels. Consistent with 
this, the apparent affinity of block by small, divalent 
Pt(NO2)4
2 anions was increased 38-fold in S1141K/
E1371Q compared with E1371Q (Fig. S6). In contrast, 
S1141K had a more modest effect on block by the larger, 
monovalent  organic  anion  NPPB  (Fig.  S5),  with  the   
apparent Kd for this blocker being increased less than 
fourfold  under  different  experimental  conditions. 
Based on this highly limited survey of blocking anions, 
it seems reasonable to suggest that the additional posi-
tive charge present in the pore of S1141K channels   
favors interactions with polyvalent anions. An analogous 
situation has been described in K
+ channel pores, where 
fixed negative charges in the channel protein preferen-
tially attract polyvalent cationic blockers into the pore 
compared with monovalent K
+ ions, leading to channel 
block and current rectification (Zhang et al., 2006).
pore region) having a more disruptive effect on unitary 
Cl
 conductance.
Interestingly, not only apparent blocker affinity, but 
also voltage dependence was affected by removal of the 
crucial positive charge at K95 (Fig. 1 and Fig. S1). The 
apparent valence of both TLCS and lonidamine was sig-
nificantly reduced in K95S, although the apparent va-
lence  for  NPPB  was  not  significantly  altered  by  this 
mutation. The meaning of the voltage dependence of 
the residual block observed in K95S is not clear, and be-
cause block is so weak in this mutant, we are reluctant   
to attach any physical meaning to the apparent valence. 
Interestingly, in all cases, blocker apparent valence was 
not significantly different between wild type and double 
mutants showing restored blocker binding (K95S/S341K, 
K95S/S1141K), suggesting that blocker movement in the 
TM electric field was well conserved in these mutants.
Impact of the number of positive charges in the inner 
vestibule of the pore
Our group has surveyed the effects of neutralization of 
all positive charges in the TMs of CFTR (Linsdell, 2005; 
St. Aubin et al., 2007; Zhou et al., 2008), with the excep-
tion of R347 in TM6, which is known to form a salt 
bridge with a negatively charged amino acid side chain 
(D924) in TM8 (Cotten and Welsh, 1999). Lysine K95 
appears to play a unique role relatively deep within the 
inner vestibule of the pore, with other charges (R303 
and perhaps R352) being located more superficially at 
the cytoplasmic mouth of the pore (see Introduction). 
The apparent functional interchangeability and physi-
cal proximity of K95 and S1141 allowed us to explore 
the consequences of increasing the number of positive 
charges in this region of the inner vestibule of the pore 
apparently available to interact with cytoplasmic anions 
from one (as we assume to exist in wild type) to two (in 
the S1141K mutant).
Although increasing the number of positive charges 
in a localized region of the inner vestibule of the pore 
(according to this model) from 0 (in K95S) to one (wild 
type and K95S/S1141K) was associated with a dramatic 
increase in Cl
 conductance (Fig. 2), increasing further 
to two positive charges (S1141K) actually led to a slight 
decrease in conductance (Fig. 2). This suggests that an 
optimal electrostatic attraction on cytoplasmic Cl
 ions 
can be achieved with only one positive charge at this lo-
cation in the pore, and that factors other than electro-
static attraction may set the upper limit on conductance 
in wild-type CFTR. For example, it has been shown that 
mutations at T338 in the pore narrow region can in-
crease Cl
 conductance above wild-type values, perhaps 
by widening the pore in this region and decreasing the 
rate-limiting resistance to Cl
 flow (Linsdell et al., 1998; 
Fatehi et al., 2007).
Although  S1141K  was  no  better  than  wild  type  in 
terms  of  Cl
  conductance,  it  did  show  an  increased     Zhou et al. 243
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